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ABSTRACT 


Pressure  vessels  were  subjected  to  implosion-generated  hydrodynamic 
pressures/ Impulses.  The  experimental  results  Indicate  the  hydrodynamic 
pressure  and  the  dynamic  response  of  the  pressure  vessel  vary,  depending 
upon  (1)  model  size,  (2)  Implosion  pressure,  and/or  (3)  distance  from 
Implosion;  graphs  showing  these  relationships  are  presented. 

Implosion  pressures  up  to  19,000-psl  were  obtained.  The  higher 
implosion  pressures  occurred  in  the  20,000  psi  pressure  vessel  and 
caused  damage  to  0-ringa  and  mounting  facilities  inside  the  pressure 
vessel,  and  loosened  pipe  connect Iona  from  the  top  cover  plug.  High¬ 
speed  motion  pictures  showed  that  the  collapse  of  air  cavities  was 
generally  asymmetric  and  inconsistent.  The  critical  model  sizes  for 
maximum  pressure  drop  or  energy  release  In  pressure  vessels  were 
determined.  The  effects  of  implosion  on  pressure  vessels  can  be  reduced 
greatly  by  filling  the  test  sphere  with  water. 


This  document  has  been  approved  for  public  release  and  sale;  its  distri¬ 
bution  is  unlimited. 


CONTENTS 


p*ga 

INTRODUCTION . 1 

SCOPE  .  1 

TEST  ITEM  DESCRIPTIONS .  2 

INSTRUMENTATION  .  3 

ENERGY  RELEASE  PREDICTION  CURVES  .  A 

DISCUSSION  OF  RESULTS  .  7 

Energy  Releaee/Preeeure  Drop  .  .  .  7 

Hydrodynamic  Pressure  .  8 

Dynamic  Response  .  9 

INCIDENTAL  INFORMATION  .  13 

Implosion  Models  .  13 

High-Speed  Movie  of  Implosions  ♦  . .  15 

High-Pressure  Implosion  Damages  .  15 

FINDINGS .  16 

CONCLUSIONS .  17 

APPENDIX .  72 

BIBLIOGRAPHY .  75 

lit 


INTRODUCTION 


In  connection  with  deep-ocean  studies,  there  is  great  interest  in 
the  structural  behavior  of  various  hollow-shelled  objects  under  high 
hydrostatic  pressure.  Testing  of  these  objects  is  usually  performed 
in  pressure  vessels,  and,  because  of  the  dangers  to  the  personnel  and 
equipment  involved  in  such  tests,  it  is  essential  to  determine  the 
effects  of  implosions  on  pressure  vessel  response  and  structural 
integrity.  The  Naval  Facilities  Engineering  Command  (NAVFAC)  requested 
that  the  Naval  Civil  Engineering  Laboratory  (NCEL)  investigate  the 
problem  and  provide  criteria  for  implosion  testing  in  pressure  vessels. 

The  objective  of  this  task  was  to  determine  the  energy  release 
and  the  impulse  function  resulting  from  the  collapse  of  test  objects 
in  pressure  vessels.  The  end  product  desired  is  an  implosion  safety 
criteria  for  pressure  vessels. 


SCOPE 


The  study  of  Implosion  effects  on  pressure  vessel  response  was 
divided  into  three  areas:  (1)  energy  released  in  the  pressure  vessel; 

(2)  hydrodynamic  pressure;  and  (3)  dynamic  response  of  the  vessel.  The 
factors  considered  most  significant  in  the  implosion  effects  were 
varied;  the  variables  were  (1)  model  sire,  (2)  implosion  pressure,  and 

(3)  distance  from  implosion.  The  parameters  held  constant  in  the 
experiments  are  summarized  below: 

1.  Ordinary  tap  water  was  used  ae  the  fluid  inside  the  pressure  vessel. 

2.  Temperature  of  the  water  was  at  normal  atmospheric  conditions. 

3.  The  model  content  was  air  at  atmospheric  pressures. 

4.  The  models  were  all  spherical. 

5.  All  moc'r  were  positioned  centrally  in  the  pressure  vessel. 

6.  The  volume  of  water  or  inside  dimensions  of  the  pressure  vessels 
tested  were  approximately  equal. 
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Although  the  Impulse  function  was  not  determined  end  experimental 
dlftlcuities  (See  Appendix)  were  euv.vuuUi.ctl,  significant  results  on 
the  hydrodynamic  pressures  generated  by  the  Implosion  and  on  the 
dynamic  pressure  vessel  response  were  obtained.  The  experimental  data 
were  analysed  In  two  parts:  (1)  low-pressure  Implosion  tests 
(0-  to  300-psi)  and  (2)  high-pressure  implosion  tests  (3,000-  to 
19,000-psl).  Theoretical  solutions  for  predicting  maximum  pressure 
drop  and  energy  release  in  pressure  vessels  were  developed. 


TEST  ITEM  DESCRIPTIONS 
Low-Pressure  Implosion  Tests 

Test  Cylinders.  The  vessels  for  low-pressure  implosion  tests  were 
made  of  steel,  aluminum,  and  glass  (Figure  1);  their  overall  dimensions 
and  capabilities  are  presented  in  Table  1.  The  different  cylinders 
were  selected  to  determine  some  general  principles  of  their  dynamic 
response  to  implosions.  The  load  capacity  of  the  steel  and  aluminum 
cylinders  is  based  on  the  maximum  sealing  pressures,  and  that  for  the 
glass  cylinder  on  maximum  burst  strength.  Two  1-inch-thick  by  24-inch- 
diameter  aluminum  plates  and  hard  rubber  gaskets  or  0-rings  were  used 
to  seal  the  ends  of  the  cylinders.  The  sealing  pressures  were  attained 
by  connecting  the  two  end  plates  with  sixteen  evenly  spaced  1/2-lnch 
steel  rods,  threaded  at  the  ends;  constant  tension  In  the  steel  rods 
was  obtained  using  a  calibrated  torque  wrench. 

Implosion  Models.  The  models  tested  were  Christmas  ornaments  with 
diameters  ranging  from  2-1/4  to  4  inches  (Figure  2) ;  the  wall  thickness 
in  all  cases  was  approximately  1/32  inch.  These  models  were  inexpensive 
and  commercially  available.  The  protrusion  of  the  ornaments  was  sealed 
with  epoxy. 


Table  1.  Cylinders  Used  For  Low-Pressure  Implosion  Tests 


Cylinders 

Length 

(in.) 

Inside 

Diameter 

(in.) 

Thickness 

(in.) 

Volume 
(in. 3) 

Maximum 

Capacity 

(psi) 

Steel 

36 

17 

* 

b,167 

300 

Aluminum 

36 

17 

* 

8,167 

300 

Glass 

36 

17* 

3/16 

8,409 

80 
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High-Pressure  Implosion  Tests 


Pressure  Vessel.  The  high-pressure  implosion  tests  were  conducted 
in  NCEL's  18-inch-diameter  by  36-lnch-long  (inside  dimensions)  pressure 
vessel  which  has  a  working  capacity  of  20, GOG  psi. 

Implosion  Models.  Glass  spheres,  with  diameters  ranging  from  3  to 
10  Inches,  were  tested  (Figure  3).  The  3-  to  6-inch  spheres  were 
fishnet  floats;  the  thickness  of  the  walls  was  not  known  and  could  not 
be  measured  because  the  floats  disintegrated  at  failure.  The  10-inch 
glass  spheres  with  5/16-inch  wall  thickness,  manufactured  by  Corning 
Glass  Works,  were  fabricated  by  sealing  two  hemispheres  with  an  adhesive. 


INSTRUMENTATION 

The  oscilloscopes  avallahl^  fw_  ..wuurding  transient  responses 
were:  (1)  two  Dual  Beam,  Type  565,  (2)  two  Dual  Beam,  Type  502A,  and 
(3)  one  Storage,  Type  RM564.  Four  Polaroid  cameras  were  used  to 
photograph  oscilloscope  displays.  The  oscilloscopes  and  the  cameras 
were  manufactured  by  Tektronix,  Inc. 

The  pressure  transducers  developed  by  Protocon  Research  Products 
were  used  to  measure  the  hydrodynamic  pressure  generated  by  the 
implosions.  These  transducers  were  placed  in  two  water-tight  pressure 
probes,  one  for  low  pressures  and  one  for  high  pressures.  The  low- 
pressure  probe  was  made  to  be  positioned  directly  above  and  at  various 
distances  from  the  implosion  center;  the  high-pressure  probe  was 
limited  to  one  distance  (8  inches  from  the  Implosion). 

Strain  measurements  for  the  low-preBSure  cylinders  were  obtained 
using  electrical-resistance  die-cut  foil  strain  gages  manufactured  by 
Dentronics.  Strain  gages  were  installed  on  the  top  cover  (outer 
surface)  to  measure  the  tangential  and  radial  Btrains  at  2  Inches  from 
the  center.  Two  other  gages  were  placed  at  the  mid-length  of  the 
cylinder  wall  to  measure  circumferential  and  longitudinal  strains.  For 
the  20,000-psl  pressure  vessel,  wire-type  strain  gages  (manufactured 
by  Baldwin)  were  used  to  measure  the  circumferential  and  longitudinal 
strains  at  mid-length  of  the  vessel  wall. 

Accelerometers,  manufactured  by  Endevco,  were  used  to  measure  the 
accelerations  at  center  of  the  top  cover  and  at  mid-length  of  the 
cylinder  wall  for  the  low-pressure  tests  and  the  accelerations  of  the 
top  cover  for  the  high-pressure  tests. 


The  approximate  response  ranges  and  frequencies  for  the  various 
transducers  are  presented  below: 


Pressure 

Transducer 


Pressure 
Range  (psi). 


Diaphram  resonant 
Frequency  (cps) 


Type  401  0  to  5,000 

Type  402R  0  to  50,000 


110,000 

60,000 


Accelerometer  Model  2225 


Range 

Maximum  Shock 
Fr<*q»'»n''y  P.Capense 
Mounted  Resonant  Frequency 

Strain  Gages 

Resistance 
Gage  Length 
Capacity 


0  to  t  10,000  g 
20,000  g 

0  to  15,000  cps 
80,000  cps 


120  ohms 
1.0  inch 
3,000  U  in/in. 


ENERGY-RELEASE  PREDICTION  CURVES 

To  determine  critical  implosion  parameters,  theoretical  solutions 
predicting  pressure  drop  and  energy  release  in  pressure  vessels  were 
derived  as  described  in  this  section.  The  results  are  presented  in  the 
Discussion. 

Pressure  Drop 

The  prediction  of  the  hydrostatic  pressure  after  implosion  was 
based  on  the  amount  of  water  added  to  the  pressure  vessel  because  of 
pressure  vessel  expansion  and  on  the  compressibility  of  the  water  and 
the  model  contents.  The  following  notations  are  used: 

-  volume  of  the  pressure  vessel,  in. 3 

V  ■  volume  of  the  model,  In. 3 
m 

AV  ■  added  volume  of  water,  in. 3 
w 
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-  coefficient  of  expansion  of  the  pressure  vessel,  in  /psi 


K  ■  coefficient  of  compressibility  of  water,  1/psi 


P  »  ambient  pressure  in  the  model,  psi 
d 

-  hydrostatic  pressure  an  Instant  before  implosion,  psi 
■  hydrostatic  pressure  after  Implosion,  psi 

r  -  ratio  of  volume  of  air  in  moaei  to  model  volume 

With  the  model  in  the  vessel,  the  added  volume  of  water  necessary 
to  cause  implosion  can  be  determined  from  the  following  equation: 

AVW  -  KtPj.  +  K(Vt  -  Vm)P!  (1) 

Upon  collapse  of  the  model,  the  added  volume  of  water  remains  in 
the  system  and  the  compressed  water  and  the  pressure  vessel  expand  and 
contract,  respectively,  to  fill  the  excess  volume  created  by  implosion 
of  the  model.  The  system  reaches  equilibrium  at  a  lower  hydrostatic 
pressure  than  that  which  existed  prior  to  the  implosion.  The  new 
equilibrium  condition  can  be  expressed  approximately  as: 


AVW  -  KtP,  +  K(Vt  -  rVm)P2  +  AVa 


(2) 


where  &Va  Is  the  change  in  volume  of  air  in  the  model.  From  Boyle's 
Law , 


tv. 


rVm  P2 
Pa+P2 


(3) 


Substituting  Equation  3  into  2  and  rearranging  the  terms,  Che 
equation  for  equilibrium  becomes: 


6Vv  -  P2  [«t  ♦  K(vt  -  rv„)  +  5«_] 


<4) 


Since  the  added  volume  of  water  is  the  same  before  and  after 
implosion,  Equations  4  and  1  can  be  combined.  Thus,  the  solution  for 
the  final  pressure  is: 


jn/b2 

2A 


„  .  -B  +  V®  +  *AC 
r2  - - 


where  A  -  Kt  +  K(Vt  -  rVm) 
B  -  APa  + 

C  -  KlPlPa 


B  *  APa  +  rVm  -  KlPt 


4  -  Kt  +  K(Vt  -  Vm) 


(?) 
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The  pressure  drop,  pressure  ratio,  and  volume  ratio  are  defined 
h*v»  *  -  P  :  and  V  /V  .  reaoectively .  The  pressure  drop 

and  pressure  ritia^ari  relateS,  is  the  one  Increases,  the  other  decreases. 


Energy  Release 


Energy  release  is  defined  here  as  the  decrease  in  the  potential 
energy  (P.£.)  of  the  system  resulting  from  the  implosion.  Essentially, 
it  Is  the  function  of  the  pressure  drop.  Using  previous  derivations 
and  notations,  the  potential  energies  before  and  after  implosion  are, 
respectively, 


P.E..  -  1/2  AV  P. 
1  v  1 

P.E._  -  1/2 [AV  P  " 
l  v  i 


(6) 

(7) 


Subtracting  Equation  7  from  Equation  6,  the  energy  released  is  expressed 
bys 

P.E.  -  1/2  [aVw(Pl  -  P2)j  (8) 

Graphically,  energy  released  can  be  represented  by  the  shaded  area 
in  the  sketch  below: 
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DISCUSSION  OF  RESULTS 


The  discussion  of  results  hss  been  divided  Into  three  sections i 
(I)  Energy  Relesse/Prsssure  Drop,  (II)  Hydrodynealc  Pressure,  end 
(III)  Dynamic  Response.  Both  low  (  0-300  pal)  and  high  (3,000-19,000  psl) 
pressure  implosion  test  results  are  included  in  each  section. 

I.  Energy  Release/Pressure  Drop 


Prediction  curved  based  on  previous  derivations  are  presented  end 
experimental  results  on  pressure  drop  ere  discussed  In  this  section. 
Prediction  curves  illustrating  the  effect  due  to  the  variation  on  model 
content  are  also  presented.  Finally,  the  critical  model  parameters 
based  on  the  prediction  curves  are  discussed. 

Coefficients.  The  coefficient  of_compressiblllty  (K)  of  water  at 
low  pressure  was  taken  to  be  3.4  x  10~°  per  psi*,and  that  at  high 
pressure  was  taken  to  be  approximately  2.6  x  10~°  per  psl.** 

The  coefficient  of  expansion  (K  )  for  the  various  pressure  vessels 
was  determined  from  the  experimental  results  of  Figures  4  and  5  and 
from  Equation  1  with  V  equal  to  zero.  The  results  are  tabulated  below: 


Pressure  Vessel 


Kt  (in.  3/psi) 


Glass  0.378 

Aluminum  0.179 

Steel  0.139 

20,000-psi  vessel  (steel)  0.0023 


Prediction  Curvea.  Pressure  prediction  curves  based  on  the  previous 
derivations  and  the  above  coefficients  were  determined  for  the  steel 
and  aluminum  cylinders  and  tha  20,000-psi  pressure  vessel,  as  shown  in 
Figures  b,  7,  and  8,  respectively.  The  corresponding  curve  for  the 
glass  cylinder  was  not  computed  because  no  experimental  data  were 
obtained  to  compare  with  It.  Examples  of  the  energy-release  prediction 
curves  are  shown  in  Figures  9  and  10  for  the  steel  cylinder  and  the 
20,000-psi  vessel,  respectively. 

Since  the  implosion  pressures  varied  considerably  for  models  of 
the  same  volume,  pressure  prediction  curves  (Figures  11,  12,  and  13) 
were  developed  for  a  given  model  size.  These  curvea  were  determined 
from  Figures  6,  7,  and  8  for  the  various  models  tested  by  plotting 
the  pressure  ratio  Pj/P^  as  a  function  of  the  implosion  pressure;  the 
dashed  or  solid  lines  represent  the  semi-empirical  solution. 

Low-Presaure  Test  Results.  The  experimental  results  for  the 
pressure  drop  are  shown  in  Figures  11  and  12,  each  plotted  point 
represents  the  data  from  one  or  more  tests.  Although  some  scatter  was 
observed,  the  correlation  between  experimental  results  and  the  predicted 
pressure  curves  was  adequate  for  implosions  of  the  smaller  models  that 


*  F.  W.  Sears  and  M.  W.  Zemansky,  University  Physics,  2nd  edition, 
Massachusetts,  Addison-Wesley,  1955,  page  187. 

**  V.  L.  Streeter,  Handbook  of  Fluid  Dynamics,  1st  edition.  New  York, 
McGraw-Hill,  1961,  page  1-4. 
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collapsed  between  100  and  300  pel.  However,  the  correlation  for  the 
4-inch  models  that  collapsed  below  SO  psl  was  unsatisfactory  because 
the  low  values  of  hydrostatic  pressure  were  not  recorded  accurately. 

High-Pressure  Test  Results.  The  correlation  between  the  experimental 
and  predicted  results.  Figure  13,  was  unsatisfactory  for  Implosions  of 
the  4-lnch  and  6-inch  models  and  for  the  10-inch  models  that  collapsed 
beyond  15,000  psl.  The  volume  change  of  the  air  void  based  on  Boyle's 
Law  was  Inadequate  for  high  pressures.  The  AVa  was,  therefore, 
redetermined  to  be  0.714  Vm  using  a  bulk  modulus  equal  to  1.4  times 
the  pressure.*  Substituting  the  new  AVa  into  Equation  4,  the  alternate 
prediction  curves  are  also  presented  in  Figure  13.  The  latter  prediction 
curves  were  closer  to  the  experimental  values,  except  for  the  10-lnch 
spheres  that  collapsed  beyond  13,000  psl.  For  these  spheres,  the  error 
was  due  to  water  leakage  during  the  implosion. 

Varied  Contents  In  Models.  To  illustrate  the  effect  of  varying 
the  air  content  of  the  models,  the  pressure  and  energy  release  prediction 
curves  for  the  steel  cylinder  for  five  values  of  the  air  void  ratio,  r, 
arc  shown  in  Figures  14  and  IS.  For  r  <1.00,  water  was  assumed  to  occupy 
the  remaining  void.  For  these  curves,  the  implosion  pressure  was 
arbitrarily  selected  to  be  1,000  pal. 

The  results  of  Figures  14  and  15  indicate  a  significant  effect  on 
the  pressure  drop  and  the  energy  release  prediction  curves  when  the 
model  void  is  filled  with  water.  In  general,  the  results  show  that  for 
a  given  Implosion  pressure  and  a  given  model  size,  the  pressure  ratio 
increased  (or  the  pressure  drop  decreased)  as  the  volume  of  sir  in  the 
model  was  decreased.  For  r  ■  0  and  constant  implosion  pressure,  the 
pressure  ratio  (Figure  14)  decreased  very  slightly  as  the  model  size 
Increased.  In  essence,  filling  the  spheres  with  water  reduces  the 
implosion  effects  on  the  pressure  vessel. 

Critical  Model  Sizes,  From  the  prediction  curves,  the  critical 
model  sizes  (or  Vm/Vt)  generating  maximum  pressure  drop  or  energy 
release  can  be  determined  for  varied  implosion  pressures.  In  Figure  9 
and  10,  the  range  of  critical  model  sizes  occurs  when  the  energy  release 
curve  is  nearly  horizontal;  or,  essentially,  when  the  model  volume  is 
equal  to  or  greater  than  the  added  volume  of  water  (Vm£dVw).  In 
Figure  10,  the  slope  of  the  curves  changed  significantly  for  high 
pressure  tests  as  delineated  by  the  dashed  line. 

The  most  critical  model  sizes  and  implosion  pressures  causing 
pressure  vessels  to  fracture  have  not  been  determined  because  the 
hydrodynamic  pressure  response  data  were  insufficient  in  quantity  and 
range. 


II.  Hydrodynamic  Pressure 

The  pressure-time  data  were  obtained  only  from  the  low-pressure 
tests  conducted  in  the  aluminum  cylinder;  those  from  the  glass  and 
steel  cylinders  and  from  the  20,000-psl  pressure  vessel  were  not 


*ibid.,  page  1-4. 
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obtained,  because  the  pressure  transducer  was  not  available  and/or  was 
damaged.  The  theoretical  solution  for  predicting  the  hydrodynamic 
pressure  was  not  determined;  only  experimental  results  are  discussed. 

The  error  is  estimated  to  be  as  high  as  +  IS  percent;  data  beyond  the 
average  trend  were  discarded, 

Pisssura  Magnitudes.  The  maximum  hydrodynamic  pressure*  end 
pressure  amplitude**  as  functions  of  the  implosion  pressure,  distance 
from  implosion,  and  modal  sise  are  presented  in  Figures  16,  17,  and  18, 
respectively.  The  latter  two  figures,  which  required  some  extrapoletlon, 
were  determined  directly  from  Figure  16.  Each  data  point  (Figure  16) 
represents  the  result  of  a  single  test;  the  solid  lines  indicate  the 
approximate  trend  of  the  hydrodynamic  pressure  and  pressure  amplitude 
at  three  different  distances  from  the  implosion  center.  The  hydro¬ 
dynamic  factor  (D.F.)  represented  by  dashed  lines  (Figure  16)  is  defined 
as  the  ratio  of  the  hydrodynamic  pressure  to  the  implosion  pressure. 

The  results  of  Figure  16  indicates  that  the  hydrodynamic  pressure 
Increases  as  the  implosion  pressure  and  distance  from  implosion  increase 
and  decrease,  respectively;  the  model  size  is  constant.  For  example, 
the  D.F.  for  the  hydrodynamic  pressure  increased  from  2.0  to  3.0  for 
the  2-1/4-lnch  models  that  collapsed  at  from  180  to  235  psl  with  an 
implosion  distance  of  3  Inches;  in  contrast,  the  D.F,  decreased 
slightly  with  an  implosion  distance  of  8  and  14-5/8  Inches.  The  D.F. 
varied  similarly  for  the  other  model  spheres.  The  pressure  amplitudes 
(Figure  16)  were  also  similarly  affected  as  the  implosion  pressure 
Increased . 

The  iiydrodynamlc  pressure  and  pressure  amplitude  versus  distance 
from  the  implosion  are  shown  in  Figure  17;  the  three  constant  implosion 
pressures  Indicated  are  within  the  collapse  range  of  that  particular 
model.  The  results  Indicate  the  maximum  hydrodynamic  pressure  and 
amplitude  decreased  as  the  distance  from  the  implosion  center  increased, 
and  they  decreased  more  rapidly  as  the  Implosion  pressure  increased. 

Finally,  Figure  18  Indicates  the  maximum  pressure  magnitude 
increased  as  the  model  size  increased  from  2-1/4-  to  3-1/4  inches  in 
diameter  with  an  implosion  pressure  of  200  psl.  The  cause  for  the 
lower  results  from  the  2-5/8-inch  spheres  is  not  known.  For  implosion 
pressures  other  than  200  psi,  similar  relations  can  be  determined. 

Frequencies .  Approximate  values  of  the  hydrodynamic  pressure 
frequency  from  Implosions  of  the  2-1/4-  and  2-5/8-inch  spheres  were 
obtained.  The  results,  presented  later,  were  compared  with  the  dynamic 
strain  frequencies.  Those  from  implosions  of  the  larger-slze  models 
were  not  determined  since  the  pressure  oscillation  records  were  not 
distinct. 

III.  Dynamic  Response 

Theoretical  solutions  for  predicting  dynamic  response  of  pressure 
vessels  were  not  determined;  experimental  results  are  discussed  for 


*  Difference  between  zero  static  pressure  and  peak  hydrodynamic  pressure. 

**  Difference  between  maximum  and  minimum  hydrodynamic  pressures. 
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(1)  low-pressure  implosion  taaca  <0*  to  300-psi)  and  (2)  high-pressure 
Implualuu  twits  (3 ,  CCO  to  19,000-psi).  Static  prissur*-? train  c,,rw*« 
ware  alao  determined  for  eomparlaon  with  the  dynamic  attaint. 

Static  Pressure -Strain  Curvet.  The  pressure-strain  calibration 
curvea  for  the  ateel,  aluminum,  and  glaaa  cylinders  and  the  20,000-psi 
praaaure  veaaela  are  ahown  In  Plgurea  19  through  23.  The  effect  of 
pretenalon  of  the  alxteen  1/2-lnch  ateel  rods  on  the  three  test 
cylinders  appears  to  be  negligible:  in  Figure  20,  the  effect  la  enhanced 
because  of  the  larger  horisontal  scale. 

The  longitudinal  strains  (Figure  20),  after  aome  slight  increase, 
decreased  as  the  hydrostatic  pressure  Increased:  this  may  have  been 
caused  by  reversed  strain  gage  electrical  leads,  pretensioned  effect 
of  the  steal  rods,  and/or  large  deflection  effect  of  the  end-plates. 
Although  the  static  results  (Figure  20)  are  presented,  they  were  not 
used  for  comparison  with  the  dynamic  strains  because  the  longitudinal 
dynamic  strain  data  records  were  not  distinct  enough  to  reduce. 

The  tangential  and  radial  strains  of  the  top  cover,  shown  in 
Figures  21  and  22,  were  probably  affected  by  the  elastic  properties 
of  the  cylinders  even  though  the  same  cover  was  used  on  all  cylinders. 

The  static  strains  for  the  20,000-psl  pressure  vessel  (Figure  23) 
were  calibrated  to  14,000-psi  and  then  extrapolated  to  20,000-psl. 

Low-Pressure  Implosion  Teat  Results.  The  data  analyzed  were 
obtained  from  the  tests  in  the  steel  and  aluminum  cylinders;  the  tests 
in  the  glass  cylinder  did  not  provide  any  reducible  data.  The  experi¬ 
mental  error  is  estimated  to  be  as  high  as  ±  10  percent.  The  dynamic 
response  analysis  included:  (a)  dynamic  strain  magnitudes, 

(b)  frequencies,  end  (c)  accelerations. 

A.  Dynamic  Strain  Magnitudes .  The  dynamic  strain  analysis  was 
divided  into  two  parts:  (1)  the  maximum  dynamic  strain*  and  (2)  the 
maximum  strain  amplitude.**  These  two  parameters  were  plotted  aa 
functions  of  the  implosion  pressure,  shown  in  Figures  24  through  27; 
each  point  represents  the  result  of  a  single  test,  while  the  dashed 
lines  indicate  the  approximate  trend.  The  dynamic  strain  factor,  D.F., 
(ratio  of  the  dynamic  strain  to  static  strain)  is  also  indicated  on  the 
same  figures.  The  circumferential  dynamic  strain  (Figures  24  and  25) 
was  slightly  influenced  by  the  variation  in  the  implosion  pressure  for 
models  of  the  same  size.  For  example,  the  maximum  D.F.  of  the 
2-1/4-lnch  models  with  a  collapse  range  of  from  180  to  280  psi  was 
approximately  constant  at  1.5  for  the  aluminum  cylinder  and  1.8  for 
the  steel  cylinder.  For  the  3-1/4-inch  models  collapsing  at  less  than 
100  psi  in  the  aluminum  cylinder,  the  D.F.  was  less  than  1.0;  however, 
when  extrapolated  to  250  psi,  the  D.F.  increased  to  2.0.  The  D.F.'s 
varied  similarly  for  the  other  models  of  different  sizes  and  collapse 
pressure  ranges. 


*  Measurements  from  zero  strain  to  peak  strains. 

**  Measurements  between  two  opposite  peaks. 
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The  tangential  and  radial  dynamic  strains  of  tha  top  cover  (Figures 
26  end  27)  were  less  affected  then  those  of  the  cylinder  wells:  the 
D.r.'s  were  generally  less  than  1.0. 

The  maximum  dynamic  strain  amplitudes,  also  plotted  in  Figures  24 
through  27,  were  included  to  provide  data  for  determining  minimum  or 
negative  dynamic  strains  (maximum  dynamic  strain  minus  strain  amplitude). 
The  results  of  the  2-5/8-lnch  models  Indicated  slight  negative  strains 
in  the  steel  cylinder  wall;  the  others  indicated  minimum  dynamic  strains. 
Negative  strains  may  indicate  possible  stability  failure  of  thin-shelled 
cylinders. 

Plots  of  circumferential  dynamic  strain  versus  the  model  slsa 
(Figure  28)  were  obtained  from  Figures  24  and  25  for  an  implosion 
pressure  of  200  psi.  For  the  model  sites  tested,  the  dynamic  strain  of 
the  aluminum  cylinder  increased  as  the  model  size  increased;  whereas, 
the  dynamic  strain  of  the  steel  cylinder  decreased  slightly.  For 
implosion  pressures  other  than  200  psi,  the  effect  from  the  variation 
in  the  model  sizes  may  be  similarly  determined. 

B.  Frequencies.  The  plots  of  circumferential  strain  frequency 
versus  implosion  pressure  for  models  of  the  same  size  did  not  yield 
meaningful  results.  However,  if  the  implosion  pressures  had  been  more 
consistent,  for  example,  at  100  and  300  psi,  the  results  might  have 
been  more  obvious. 

The  variation  in  the  model  size  affected  significantly  the  strain 
frequency  (Figure  29);  average  results  were  plotted  for  models  of  the 
same  size.  The  frequencies  of  the  top  cover  (Table  2)  were  approximately 
equal  to  the  dynamic  strain  frequencies  of  the  cylinder.  In  general, 
the  frequencies  of  the  cylinder  wall  and  top  cover  strains  decreased  as 
the  model  alee  increased. 

The  frequency  of  the  pressure  oscillations,  based  on  two  model 
sizes,  also  decreased  as  the  model  size  lncreesed  (Table  2).  Thus,  the 
pressure  and  strain  data  indicate  that  the  cylinder  oscillations  were 
caused  by  the  hydrodynamic  pressure  generated  by  the  implosion.  This 
seems  reasonable  since  the  frequencies  of  the  smaller  oscillating  air 
cavities  are  generally  higher  than  those  of  the  larger  cavities. 

The  high  frequency  of  the  aluminum  cylinder  wall  caused  by  the 
implosion  of  the  3-1/4-inch  models  (Table  2)  is  probably  the  natural 
frequency  of  the  cylinder.  Although  the  same  size  models  wers  tested, 
the  frequencies  of  the  steel  cylinder  were  higher  than  those  of  the 
aluminum  cylinder;  this  is  probably  because  of  the  difference  in  their 
elastic  properties  and/or  sealing  methods. 

C.  Accelerations.  The  average  peak-to-peak  acceleration  versus 
the  implosion  pressure  for  models  of  the  same  size  are  shown  in  Figures 
30  and  31;  each  data  point  represents  the  result  of  a  single  teat.  The 
error  is  estimated  to  be  as  high  as  +  15  percent. 

The  variation  in  the  implosion  pressure  affected  significantly  the 
lateral  acceleration  of  the  cylinder  wall.  In  Figure  30,  for  example, 
the  maximum  acceleration  of  the  aluminum  cylinder  ranged  from  1400  to 
3000  g  for  the  2-1/4-lnch  models  that  collapsed  between  160  and  250  psi. 
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Table  2.  Frequency  Results  (Average) 


(l 

Model 

Frequency,  cps 

)lameters 

Aluminum  Cylinder 

Steel 

Cylinder 

(In.) 

B9 

Pressure 

SGH 

SGT  &  SGR 

2-1/4 

479 

473 

491 

569 

- 

2-1/2 

• 

- 

- 

524 

575 

2-5/8 

465 

463 

467 

487 

- 

3 

- 

- 

- 

416 

417 

3-1/4 

617 

297 

- 

314 

310 

4 

102 

110 

- 

212 

212 

1 ./  SGH  -  circumferential  strain  gage  on  cylinder  walls 

2/  SGT  -  tangential  strain  gage  on  top  cover  plate 
SGR  -  radial  strain  gage  on  top  cover  plate 
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For  Che  3-1/4-lnch  models  thet  collapsed  between  75  and  150  pel,  the 
acceleration  ranged  from  80  to  360  g.  Similar  effects  are  also  found 
tor  the  steel  cylinder,  in  general,  tor  models  of  the  same  slse  the 
acceleration  Increased  as  the  Implosion  pressure  Increased. 

For  a  given  Implosion  pressure,  the  variation  In  model  slse  appears 
also  to  affect  the  lateral  accelerations  of  the  cylinder  wall.  For 
example,  when  the  acceleration  curve  la  extrapolated  to  200  pal  for  the 
3-1/4-lnch  models,  the  results  Indicate  acceleration  increases  as  the 
model  slse  decreases  (Figure  30). 

High-Pressure  Implosion  Teat  Results.  Hydrodynamic  pressure  and 
acceleration  data  were  not  obtained  because  the  severe  shock  of  the 
implosion  damaged  the  transducers.  The  dynamic  strain  data  were 
analysed  in  a  manner  similar  to  that  used  In  the  low-pressure  implosion 
tests.  Experimental  error  la  estimated  at  +  10  percent.  In  the  Implosions 
of  the  10-inch  spheres,  there  was  considerable  scatter  in, the  data. 

A.  Dynamic  Strains.  The  results  of  the  longitudinal  and  circum¬ 
ferential  dynamic  strains  of  the  pressure  vessel  walla,  shown  in  Figures 
32  through  35,  were  generally  similar  to  those  In  the  low-pressure  tests. 
From  Figure  32,  for  example,  the  D.F.  increased  from  1.0  to  3.0  for  the 
6-  and  10-lnch  spheres  that  collapsed  between  2,000  to  4,000  psl  and 
3,000  to  19,000  psl,  respectively.  In  contrast,  the  D.F.  ranged  from 
2.0  to  1.6  for  the  3-inch  spheres  that  collapsed  from  6,000  to 

15,000  psl  (Figure  32). 

The  variation  in  the  model  size  also  appears  to  affect  the  dynamic 
strains.  At  3,000  pal,  for  example,  tho  D.F.  decreased  from  4.0  to 
1.0  as  the  diameter  of  the  models  Increased  from  4  to  10  Inches 
(Figure  32).  At  higher  implosion  pressures,  no  definite  relation  can 
be  determined  because  there  are  not  sufficient  data. 

The  D.F. 's  for  the  circumferential  strains  were  less  than  2.0,  as 
shown  in  Figure  33.  The  greater  effect  on  the  longitudinal  strains 
was  probably  caused  by  the  high  inertia  force  of  the  massive  end  covers. 

The  strain  amplitude,  Figures  34  a..d  35,  indicate  the  presence  of 
high  negative  dynamic  strains.  For  example,  the  negative  strains  were 
approximately  420  In. /In.  for  the  10-lnch  spheres  that  collapsed  at 
18,000  psl  (longitudinal  strain). 

B.  Frequencies.  The  frequency  varied  between  1,550  to  1,750  cps 
for  the  longitudinal  strains  and  2,000  to  2,600  cps  for  the  circum¬ 
ferential  strains.  The  relationship  between  the  frequency,  model  size, 
and  implosion  pressure  could  not  be  established  because  of  insufficient 
data. 


INCIDENTAL  INFORMATION 
Implosion  Models 

The  collapse  strength  of  the  models  varied  considerably,  even  for 
models  of  the  same  size  and  brand,  bb  shown  in  Table  3.  Although 
different  implosion  pressures  for  each  model  size  were  desired,  the 
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Table  J.  Collapse  Pressures  of  Models 


Model 

Diameters 

(In.) 

Collapae  Pressure  Range 
(P*l) 

2-1/4 

165  -  300 

2-1/2 

210  -  305 

41 

g  8 

2-5/8 

120  -  310 

GO 

GO  GO 

4)  O 

3 

75  -  195 

r 

3-1/4 

65  -  150 

4 

14  -  66 

3 

6,150  -  15,450 

V 

1  g 

GO  *H 

4 

1,550  -  2,650 

0)  « 

£.3 

i  £• 

- 

4  JT 

6 

2,210  -  3,750 

s 

10 

3,050  -  19,200 
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considerable  variation  made  it  difficult  to  predict  accurately  the 
implosion  pressure  and  to  orient  the  oscilloscope's  triggering  system; 
thus,  many  data  were  not  recorded. 

High-Speed  Motion  Pictures  of  Implosions 

High-speed  motion  pictures  (16-mm  Fastax  movie  camera)  were  taken 
of  the  collapse  of  the  4-lnch  spheres  tested  in  the  glass  cylinder.  The 
speed  was  varied  from  1,000  to  5,000  frames  per  second.  Of  the  many 
attempts,  seven  implosions  were  filmed  successfully.  A  series  of 
photographs  for  a  typical  collapse  is  shown  in  Figure  36s  From  the 
films,  various  observations  of  the  implosions  were  nade;  these  are 
discussed  in  the  following  paragraphs. 

One  significant  observation  was  that  the  £  inch  spheres  did  not 
collapse  symmetrically.  Some  of  the  spheres  imploded  initially  from 
one  side  and  caused  the  inflow  of  water  to  be  unidirectional  (Figure  37). 
Others  collapsed  initially  inward  along  the  diameter,  causing  the  top 
and  bottom  halves  of  the  spheres  to  burst.  These  asymmetrical  implosions 
were  undesirable,  since  the  hydrodynamic  pressure  distributions  would  be 
non-uniform  and/or  Inconsistent. 

The  cause  of  these  asymmetrical  implosions  of  the  low-pressure 
models  (Christmas  ornaments}  was  attributed  primarily  to  the  poor 
quality  of  the  model  construction.  These  models  were  not  perfect  spheres, 
and  the  shell  thickness  was  not  uniform.  The  models  failed  initially  at 
the  weakest  section  before  the  entire  sphere  collapsed,  resulting  in 
the  asymmetrical  collapse  of  the  air  cavity. 

Other  observations  Included  the  presence  of  numerous  tiny  bubbles 
(possibly  cavitation  bubbles)  and  shell  fragments  after  the  Implosion 
occurred.  The  air  bubbles  were  produced  primarily  by  the  high-speed 
turbulent  motion  of  the  water  flowing  toward  a  low-pressure  center, 
causing  the  original  air  cavity  to  disintegrate  into  numerous  tiny 
bubbles.  The  fragments  of  the  models  were  also  put  into  high-speed 
turbulent  motions  (Figure  33).  Both  the  air  bubbles  and  the  high- 
velocity  fragments  are  undesirable  since  they  may  produce  cavitation  or 
pitting  damages  to  the  cylinder  wall  and  erroneous  pressure  measurements. 

Attempts  were  made  to  measure  the  initial  collapse  rate  of  the  air 
cavity  and  the  period  or  frequency  of  the  cavity  oscillation.  However, 
because  of  the  lack  of  symmetry  of  the  collapses,  the  presence  of  air 
bubbles  and  shell , fragments ,  and  the  lack  of  timing  marks  on  the  high¬ 
speed  film,  the  collapse  rate  and  frequency  were  not  determined. 

High-Pressure  Implosion  Damages 

The  50,000-psi  pressure  transducer  and  the  accelerometers  were 
damaged  by  the  severe  implosion-generated  shock.  The  shock  from  the 
implosion  loosened  the  pipe  connections  attached  to  the  top  cover, 
causing  water  to  leak  (Figure  39).  In  several  test;?,  water  squirted 
from  the  pipe  connection.  The  0-rings  for  the  top  and  bottom  cover  of 
the  pressure  vessel  were  frequently  damaged  (Figure  40).  In  the  first 
test  the  0-rlng  for  the  pressure  probe  was  severely  damaged  (Figure  41). 
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The  mounting  system  for  the  spheres  was  frequently  damaged  by  the 
Implosions.  The  mounting  system  shown  in  Figure  42  was  not  used  after 
the  first  test  because  the  1/2-inch  aluminum  rods  sheared  from  the 
top  cover.  An  alternate  system  (Figure  43)  was  used  throughout  the 
tests  although  it  required  frequent  repairs.  The  bottom  plate  was 
warped  by  the  tremendous  suction  forces  of  the  implosions.  Most  of 
the  above  damages  occurred  when  the  10-inch  models  collapsed  at 
pressure  greater  than  10,000  psi.  However,  Implosions  of  the  3-inch 
models  that  collapsed  at  pressures  from  10,000  to  15,000  psi  did  not 
cause  any  obvious  damage. 

The  inside  surface  of  the  pressure  vessel  was  slightly  pitted, 
but  this  was  not  detrimental.  Severe  pitting  would  have  occurred 
if  the  models  had  been  imploded  adjacent  to  the  pressure  vessel  wall. 


FINDINGS 

1.  For  the  range  of  tests  conducted,  the  pressure  drop  prediction 
curves  were  satisfactorily  determined  for  implosions  of  glass  spheres 
in  pressure  vessels. 

2.  The  critical  model  else  (that  which  causes  maximum  pressure 
drop  or  energy  release  in  pressure  vessels)  can  be  determined  for 
different  implosion  pressures. 

3.  The  implosion-generated  hydrodynamic  pressure  and  the  low 
pressure  vessel  dynamic  strains  generally  Increased  as  the  model  size 
and  collapse  pressure  Increased  and  distance  from  Implosion  decreased. 

4.  The  frequency  of  the  cylinder  response  and  the  hydrodynamic 
pressure  oscillation  decreased  as  the  model  size  Increased;  the  effect 
of  variation  in  the  Implosion  pressure  on  the  frequency  was  negligible 
and/or  indeterminable. 

5.  The  lateral  acceleration  of  the  cylinder  Increased  as  the 
implosion  pressure  Increased  and  model  size  decreased;  the  distance 
from  the  implosion  was  constant. 

6.  The  dynamic  response  of  tha  high-pressure  vessel  lucreased 
as  the  implosion  pressure  increased  and  model  size  decreased. 

7.  High-speed  motion  pictures  showed  that  the  spherical  models 
did  not  collapse  symmetrically  or  consistently,  thus  Indicating  a  non- 
uniform  hydrodynamic  pressure  distribution. 

8.  The  10-inch  glass  spheres  collapsing  above  10,000  pBi  damaged 
0-rings  and  mounting  facilities  inside  the  pressure  vessel  and  caused 
the  top  cover  pipe  connections  to  loosen. 
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9.  The  implosion  effects  on  pressure  vessels  cen  be  greatly 
reduced  by  filling  the  test  spheres  with  water. 


r.OKffiT.USIONR 

1.  Although  significant  results  were  obtained,  the  data  presented 
should  be  used  only  for  rough  or  preliminary  analysis. 

2.  Further  theoretical  studies  and  experimental  data  are  neceasary 
before  imploaion  safety  criteria  for  pressure  vessel  can  be  determined 
with  reliability. 
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Figure  2.  Models  for  low-pressure  implosion  tests.  Size 
range  from  4- inch  to  2^-inch  diameters. 


Figure  3.  Glass  spheres  for  high-pressure  implosion  tests. 
Size  range  from  3- inch  to  10- inch  diameters. 
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Figure  4.  Pressure  versus  added  volume  of  water  for  the  low-pressure 
test  cylinders. 
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Added  Volume  of  Water  (ml) 


Figure  5.  Pressure  versus  added  volume  of  water  for  the  20,000-psi 
pressure  vessel. 
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Energy  Release  (In. -lb.) 


Figure  9.  Energy-release  prediction  curves  for  the  steel  cylinder. 
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ENERGY  RELEASE  (103  in-lb) 
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Figure  11a.  Pressure-prediction  curves  for  the  steel  cylinder  for  various  models  tested 
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gure  12a.  Pressure-prediction  curves  for  the  aluminum  cylinder  for  various  models  tested. 


Figure  12fc.  Pressure-prediction  curves  for  the  aluminum  cylinder  for  various  models  tested. 
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Pressure-prediction  curves  for  the  20,000-psi  vessel 
for  4”  dia.  sphere  (V  /V  =  0.0037). 
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Pressure-prediction  curves  for  the  steel  cylinder  with 
varied  amounts  of  air  in  the  model. 
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Energy-release  prediction  curves  for  the  steel 
cylinder  with  varied  amounts  of  air  in  the  modi 
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Figure  19.  Circumferential  static  strain  versus  hydrostatic 
pressure  for  the  low-pressure  cylinders. 
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:1c  Pressure  (psi) 
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Longitudinal  Strain  (ni«/in) 

Figure  20.  Longitudinal  static  strain  versus  hydrostatic 
pressure  for  the  low-pressure  cylinders. 
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Figure  21.  Tangential  static  strain  versus  hydrostatic 
pressure  for  the  low-pressure  cylinders. 
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Figure  23.  Static  strain  versus  hydrostatic  pressure  for 
the  20,000-psl  pressure  vessel. 
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Circumferential  Strain  (  in/in) 


Figure  24a.  Maximum  dynamic  circumferential 

strains  versus  implosion  pressures 
of  the  aluminum  cylinder  tested  with 
2ss-inch  spheres. 
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Figure  24b.  Maximum  dynamic  circumferential  strains 
versus  implosion  pressures  of  the 
aluminum  cylinder  tested  with  2-5/8- 
inch  spheres. 
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Figure  24c.  Maximum  dynamic  circumferential  strains 
versus  implosion  pressures  of  the 
aluminum  cylinder  tested  with  3^-inch 
spheres . 
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Figure  25a.  Maximum  dynamic  circumferential  strains 
versus  implosion  pressures  of  the  steel 
cylinder  tested  with  2^-inch  spheres. 


Figure  25b.  Maximum  dynamic  circumferential  strains 
versus  implosion  pressures  of  the  steel 
cylinder  tested  with  2^-inch  spheres. 


Figure  25c.  Maximum  dynamic  circumferential  strains 
versus  implosion  pressures  of  the  steel 
cylinder  tested  with  2-5/8-inch  spheres. 


Figure  25d.  Maximum  dynamic  circumferential  strains 
versus  implosion  pressures  of  the  steel 
cylinder  tested  with  3-inch  spheres. 
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Figure  25e.  Maximum  dynamic  circumferential  strains 
versus  implosion  pressures  of  the  steel 
cylinder  tested  with  3^-inch  spheres. 


Figure  25f.  Maximum  dynamic  circumferential  strains 
versus  implosion  pressures  of  the  steel 
cylinder  tested  with  4-inch  spheres. 
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Figure  26a.  Maximum  dynamic  tangential  strains 

versus  implosion  pressures  of  the  top 
cover  plate  tested  with  2*£-inch  spheres. 


Figure  26b.  Maximum  dynamic  tangential  strains 

versus  implosion  pressures  of  the  top 
cover  plate  tested  with  2-5/8-inch  spheres. 
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Figure  27b.  Maximum  dynamic  radial  strains  versus 
implosion  pressures  of  the  top  cover 
plate  tested  with  2-5/8-inch  spheres. 


figure  27c.  Maximum  dynamic  radial  strains  versus 
implosion  pressures  of  the  top  cover 
plate  tested  with  2-5/3-inch  spheres. 
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Figure  29.  Circumferential  strain  frequency  versus  model  size. 
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Figure  30.  Peak-to-peak  acceleration  of  the  aluminum  cylinder  during 
implosions  of  2*t,  2-5/8,  and  3^-inch  spheres. 
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Figure  31.  Peak-to-peak  acceleration  of  the  steel  cylinder  during 
imploeiona  of  2-1/4,  2-5/8,  and  3-1/4-inch  apherea 
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Figure  33.  Maximum  dynamic  circumferential  strain  versus  implosion 
pressure  for  various  size  node Is. 
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Figure  36.  Typical  collapse  sequence  of  a  4- inch  mode 
at  3,000  frames/sec. 


I 


Frame  3  Frame  9 


Frame  27  Frame  SO 

ol lapse  sequence  of  a  4- Inch  model;  camera  speed 
frames/sec. 


& 


l 


66 


Figure  38.  A  typical  close-up  view  of  the  fractured  shells. 


Figure:  39.  Loose  pipe  connections  causing  water  to  leak  from 
the  pressure  vessel. 


Figure  41.  Damaged  o-rlngs  of  the  pressure  transducer  probe. 


Figure  43.  Aluminum  frames  damaged  by  the  implosions. 
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Implosion  Method 

To  generate  implosions  at  designated  hydrostatic  pressures,  the 
ball-breaker  method  (Figure  A-l)  was  tested  In  the  glass  cylinder.  The 
method  consisted  of  a  sharp  pin  driven  upward  by  a  remote  battery* 
activated  solenoid.  After  several  trials ,  this  swthod  was  considered 
unsatisfactory  primarily  because  penetration  did  not  always  cause  an 
implosion  or  penetration  was  not  always  possible.  The  alternate 
method  employed  was  to  pressurise  the  vessel  until  implosion  occurred. 

Sealing  Method 

The  sealing  method  for  the  glass  and  steel  cylinders  consisted 
a  hard  rubber  gasket  at  both  ends  of  the  cylinder.  Major  difficulties 
encountered  are  summarised  as  follows: 

1.  Between  tests,  sealing  materials  had  to  be  applied  along  the 
inner  radius  of  the  gasket  to  prevent  minor  leaks. 

2.  Considerable  time  had  to  be  spent  compressing  the  cover  plates 
to  attain  maximum  sealing  pressures. 

3.  The  gaskets  had  to  be  replaced  after  several  tests. 

The  rubber  gaskets  were  replaced  by  O-rings  for  the  final  series 
of  tests  conducted  in  the  aluminum  cylinder ;  no  major  difficulties 
were  then  encountered. 

Triggering  of  Oscilloscopes 

To  record  the  initial  phase  of  the  dynamic  response,  it  was 
necessary  to  trigger  the  oscilloscopes  an  Instant  oefora  the  implosion 
occurred.  Since  the  Implosion  pressure  was  unpredictable  and  more 
sophisticated  instrumentation  was  not  available,  it  was  difficult  to 
trigger  the  oscilloscopes  as  desired.  Therefore,  a  stress-induced 
signal  from  one  of  the  transducers  was  employed  to  trigger  one  scope; 
the  gate  output  of  that  scope  triggered  the  other  scopes.  The  result 
was  that  the  pre-implosion  static  pressure  and  strains  were  difficult 
to  determine  from  the  photographed  traces  since  some  of  the  Initial 
traces  were  generally  not  recorded.  Therefore,  the  static  measurements 
of  the  pressure  gage  and  the  pressure-strain  calibration  curves  were 
used. 
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The  transducer  used  for  triggering  tha  oscilloscopes  wn  althar 

-  - /^V - 1  -  — /1> 

bit*  \4/  •4*«4M  §••«!  V*/  «WW»4«I.WMWk*»  |  V*  \<//  |^g«90Ma*  blttlgWMWVt  I 

All  chraa  transducers  presented  difficulties:  (1)  prematura  triggerings 
occurred  frequently  due  to  sporadic  high  noise  signals.  (2)  the  Induced 
signals  failed  many  times  to  trigger  the  oscilloscopes,  and  (3)  the 
trlggeilng  sensitiveness  of  the  oscilloscope  was  difficult  to  adjust. 

In  a  later  series  of  low-pressure  tests,  the  conductive  paint 
method  was  finally  tried.  A  narrow  strip  of  conductive  paint  was 
applied  to  the  model,  with  electrical  leads  attached  and  circuited  to 
the  oscilloscope.  When  the  implosion  occurred,  the  break  In  the  circuit 
triggered  the  oscilloscopes;  this  method  was  more  successful. 

For  testa  conducted  In  the  20, 000-psi  pressure  vessel,  the 
conductive  paint  method  was  not  used  because  electrical  circuit  connections 
(via  the  top  cover  to  the  model)  could  not  be  made  easily.  Instead,  the 
strain-induced  signal  from  one  of  the  strain  gages  was  employed  to 
trigger  the  oscilloscopes. 

Drifting  Signals 

The  trace  signals  drifted  during  the  pressurization.  For  the 
low-pressure  tests,  drifting  of  the  various  trace  signals  was  tolerable; 
the  drifting  error  was  corrected  by  shifting  the  zero  condition  line 
until  either  the  initial  or  final  hydrodynamic  conditions  coincided 
approximately  with  the  initial  or  final  static  conditions.  The  implosion 
pressure  was  recorded  directly  from  the  pressure  gages;  the  static 
strains  ware  determined  from  the  pressure-strain  curves. 

The  causes  for  signal  drifting  are  not  exactly  known,  but  changes 
in  environmental  temperatures  may  have  been  a  contributing  factor. 

Other  factora  may  be  the  inherent  electrical  drifting  in  the  oscilloscopes, 
tha  ineffectiveness  of  the  temperature-compensating  strain  gages,  and 
the  instability  of  the  power  sources. 

In  tests  in  the  20, 000-psi  pressure,  the  trace  signals  of  the 
strain  gages  drifted  completely  out  of  the  scopes,  primarily  because 
of  the  longer  time  required  to  attain  the  high  collapsing  pressures. 

To  eliminate  drifting,  the  AC  stability  feature  of  the  scope  was 
employed.  This  feature  allows  the  trace  to  remain  at  constant  position 
for  a  slow  change  in  the  strains.  At  implosion,  the  trace  would  deflect 
corresponding  to  the  dynamic  strains.  The  method  o L  measuring  implosion 
pressures  and  static  strains  was  similar  to  that  used  in  low-pressure 
tests. 


72 


Figure  A-l.  the  ball-breaker  method. 
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